50-100 such tracts (Hamada et al., 1982; Walmsley et al., 1983) .
In eukaryotes, poly(GT) tracts are quite unstable, altering at rates of about 10m4 to 1O-5 per division in both yeast cells (Henderson and Petes, 1992) and mammalian cells (Farber et al., 1994) . In Escherichia coli, poly(GT) tracts are even less stable, with length changes occurring at rates of lo-' to 10m3 (Levinson and Gutman, 1987; Freund et al., 1989 et al., 1994; Hirst et al., 1994; Kunst and Warren, 1994; Snow et al., 1994 et al., 1995) . In alleles of FMR7 in which the uninterrupted stretch of poly (CGG) is expanded, the expansions occur on the 3' side of the array (Eichler et al., 1994; Hirst et al., 1994; Kunst and Warren, 1994; Snow et al., 1994 
Results

Rationale
To examine the effect of variant repeats on the stability of repetitive DNA sequences, we used a plasmid system in which alterations in the length of repetitive tract could be monitored by using selective media (Henderson and Petes, 1992; Strand et al., 1993) . These plasmids contained an in-frame insertion of a poly(GT) tract within the coding sequence of a gene encoding a fusion protein with wild-type URA3 activity (Figure 2 ). Since strains with the wild-type MA3 gene cannot grow on media containing 5-fluororotic acid (5-FOA) (Boeke et al., 1984) , strains with plasmids with in-frame insertions cannot grow on 5FOA-containing media. Cells containing the plasmid that are capable of growth in such media usually contain a poly(GT) tract of altered length resulting in an out-of-frame insertion or a mutation elsewhere in the plasmid-borne WA3 gene (Henderson and Peres, 1992) .
We examined the stability of poly(GT) tracts of four types (plasmids containing the tracts indicated in parentheses): a 51 bp tract with no variant repeats (pTA4), a 51 bp tract with a variant AT repeat in the middle (pTAl), a 51 bp tract with a variant CT repeat in the middle (pTA3), and a 69 bp tract with avariant AT repeat in the middle (pTA2). The sequences of the insertions in each plasmid are shown In these plasmids (pTA1 to pTA4), an in-frame poly(GT) tract (with or without a variant repeat) is located within a fusion protein that has wild-type URA3 activity. Alterations in tract length are detected by plating cells containing the assay plasmid on 5FOA, which kills Ura' ceils. The sequences of oligonucleotides used for the plasmids pTA1 to pTA4 are shown in Table 1. in Table 1 , and the yeast strains containing the plasmids are described in Table 2 . By measuring the rate of tract instability in cells containing these plasmids and by DNA sequence analysis of the altered plasmids, we determined the effect of variant repeats on tract stability.
Variant Repeats Stabilize Simple Repetitive DNA Tracts in Wild-Type Yeast Cells
The rate of tract alterations in a wild-type strain (SMHG) containing a 51 bp uninterrupted poly(GT) tract was 1 x 1 Om5 per cell division (Table 3) . Sequence analysis of plasmids rescued from 31 independent 5-FOA-resistant (5-FOAR) derivatives of SMH6 showed 28 plasmids with alterations involving one GT repeat (22 deletions of 2 bp and six additions of 2 bp) and three plasmids with alterations involving two repeats (two deletions of 4 bp and one addition of 4 bp). These results confirm previous observations that the most common types of tract alteration involve deletion or addition of only one or two repeats (Henderson and Petes, 1992) .
Strains containing plasmids with interrupted poly(GT) tracts had a lower rate of 5-FOAR colonies: 3 x lo-" for SMH3 (AT repeat interrupting a 51 bp tract), 3 x 10m6 for SMH5 (CT repeat interrupting a 51 bp tract), and 4 x 10m6 for SMH4 (AT repeat interrupting a 69 bp tract). When plasmids were rescued from 5-FOAR derivatives of these strains and sequenced, 0 of 18 plasmids from SMHS, 0 of 15 from SMH5, and only 1 of 18 from SMH4 had tract alterations. Consequently, most of the 5-FOAR colonies derived from these strains must reflect an alteration elsewhere within the URA3 fusion protein rather than an alter- Table 1 Table 3 reflect both the rate of formation of 5FOAs colonies and the fraction of the plasmids derived from these colonies with altered tracts (details discussed in Experimental Procedures). For strains SMH3 and SMHS, the rates calculated were maximum rates at which tract alterations occurred, since no altered tracts were detected. The data summarized in Table 3 indicate that a single variant repeat stabilizes a poly(GT) tract by at least a factor of 50. Variant AT and variant CT repeats had approximately the same stabilizing effects.
The 5-FOAR colonies derived from SMHS, SMH4, and SMH5 that do not have plasmids with altered tracts could reflect mutations elsewhere within the URA3 coding sequence or gene conversion events between the URA3 gene on the plasmid and the mutant ura3 gene on the chromosome. Since the ura3 gene on the chromosome contained an insertion of the transposable element Ty, a conversion event in which this mutation was introduced into the plasmid could be readily detected by restriction analysis of the plasmid-borne URA3 gene. Of plasmids derived from nine independent 5-FOARcolonies of SMHS, none contained a Ty insertion. Consequently, it is likely that most of the 5-FOAR derivatives of SMHS, SMH4, and SMHS represent point mutations in the URA3 gene rather than gene conversion events.
Dependent on the Mismatch Repair Functions MSHS, PMSl, and MSH3 In E. coli (Levinson and Gutman, 1987) , yeast (Strand et al., 1993) , and humans (reviewed by Karran and Bignami, 1994) mutations in genes involved in DNA mismatch repair greatly destabilize uninterrupted tracts of simple repetitive DNA sequences. To determine the effects of such mutations on the stability conferred by variant repeats, we transformed yeast strains containing mutations in msh2, pmsl, or msh3 with the assay plasmids described above. The MSH2 gene encodes a homolog to the MutS protein of E. coli, and mutations in this gene result in high levels of spontaneous mutation, postmeiotic segregation, and instability of simple repetitive DNA sequences (Reenan and Kolodner, 1992a, 1992b; Strand et al., 1993) . PM.9 encodes a homolog to the MutL protein of E. coli, and mutations in this gene result in phenotypes similar to those observed in msh2 strains (Williamson et al., 1985; Kramer et al., 1989; Strand et al., 1993) . Unlike msh2 or pmsl strains, strains with a mutation in the msh3 gene (a MutS homolog) have wild-type levels of spontaneous mutations in a forward mutation assay and only a small increase in the level of postmeiotic segregation (New et al., 1993) . The msh3 mutation elevates simple repeat instability about 40-fold (compared with the 1 OO-to 200-fold elevations observed in msh2 and pmsl strains) and has a larger bias toward deletion of repeats than observed in msh2 and pmsl strains (Strand et al., 1995) . MSHP and MSH3 have additive effects in preventing recombination between diverged repeats (Selva et al., 1995) .
We observed approximately the same rates of appearance of 5-FOAs colonies in the msh2 and pmsl strains containing plasmids with no variant repeat (SMHlO and SMH14) and in msh2 and pmsl strains with plasmids with an interrupting repeat (strains SMH7 to SMH9 and SMHl 1 to SMH13). For all strains, the rates were about 1 x 1 O-3 to 3 x 1 O-3 per cell division. We sequenced plasmids isolated from about 15-20 5-FOAR derivatives of each strain. Of 106 plasmids with a variant repeat sequenced, with one exception (a plasmid derived from strain SMHl l), all had poly(GT) tracts of altered lengths. In summary, the mismatch repair mutants greatly destabilize simple repetitive sequences, and this effect is insensitive to variant repeats within the repetitive sequence. Thus, the stabilizing effects of the variant repeats require a functional DNA mismatch repair system. 1.4 x 10m3(SMH10) 2 x 10m3 (SMH14) 9.7 x 1O-4 (SMH7)
1.6 x 10-3(SMH11) 1.4 x 10m3 (SMHS) 2.1 x 10-3(SMH13) 2.7 x 10-3(SMHf3) 2.5 x 1O-3 (SMH12) probably excise all three. The net result of these events would be a decreased rate of instability in tracts with a variant repeat.
Since we find that the stabilizing effects of the variant repeat are lost in a mismatch repair-deficient background, we favor the last explanation. Two relevant points should be added. First, an alternative interpretation of the effects of these mutations in the elimination of the stabilizing effects of the variant repeats is that the mismatch repair proteins may dissociate heteroduplexes involving three mismatches, allowing the primer and template strands another chance at realigning without mismatches. A role of the mismatch repair system in aborting heteroduplexes with multiple mismatches has been suggested in bacteria (Rayssiguier et al., 1989; Worth et al., 1994) yeast (Alani et al., 1994; Selva et al., 1995) , and mammals (de Wind et al., 1995) . Second, we found that a single variant AT repeat stabilizes flanking poly(GT) tracts of 32 and 34 bp (Table 3) , even though we showed previously that poly(GT) tracts 33 bp in length flanked by single copy sequences are quite unstable (Henderson and Petes, 1992; Strand et al., 1993) . This result is explicable in the context of the models discussed above if the dissociation between primer and template strands is extensive enough that the reannealing usually involves poly(GT) sequences on both sides of the variant repeat.
Since the stabilizing effect of the variant repeat is lost in strains with msh2, msh3, orpmsl mutations, we suggest that all three gene products are involved in the correction of mismatches (Figure 3) or the dissociation of heteroduplexes with multiple mismatches. As described above, the effects of the msh3 mutation on the frequencies of spontaneous mutation, repeat instability, and postmeiotic segregation are smaller than those observed for msh2 or pmsl. These results argue that there is more than one DNA mismatch repair complex in yeast and that these complexes have different specificities (Strand et al., 1995) . The significantly increased polarity observed in the msh3 mutant (Table 4 ) may represent another manifestation of this specificity.
As discussed in the Introduction, for both fragile X syndrome and SCAl, unstable mutant alleles lack the variant repeats observed in the stable wild-type alleles. It is unclear whether the variant repeats were lost during the event that led to the expansion or whether the variant repeats were lost by one mechanism (for example, DNA polymerase slippage) with a second mechanism (for example, recombination) involved in the expansion. None of the altered plasmids examined in our study had lost the variant repeat. Since our studies involve dinucleotide repeats that are usually altered by small additions or deletions, we cannot rule out the possibility that the stabilizing effects of variant repeats in preventing expansions of arrays of trinucleotide repeats involve different mechanisms.
The alterations in tract length that occur when plasmids with the variant repeat are in a mismatch repair-deficient genetic background are polar. Both additions and deletions are found 3-to 4-fold more frequently in the 3' half of the tandem array than in the Yhalf. Sequence analysis of alleles of the FMR7 gene indicates that small changes in the numbers of repeats also occur preferentially at one end of the array (Eichler et al., 1994; Hirst et al., 1994; Kunst and Warren, 1994; Snow et al., 1994) ; it was suggested that such effects reflect a polar aspect of DNA replication (Richards and Sutherland, 1994) .
In our experiments, because of the location of the replication origin (ARS in Figure 2) , the repetitive tract is presumably replicated by a replication fork that moves 5' to 3'with respect to the coding sequence of the fusion gene. We suggest that the slippage occurs preferentially on the lagging strand during DNA replication, as observed for some classes of deletion events in E. coli (Trinh and Sinden, 1991) and yeast (Gordenin et al., 1992) , and that the Okazaki fragment responsible for replicating the poly(GT) tract is initiated outside of the tract, perhaps at a defined site (Figure 4) . We further hypothesize that the Okazaki primer fragment tends to dissociate from the template before the poly(GT) tract is completely replicated, shortly after replication of the variant base. This nonrandom dissociation could reflect a tendency of poly(GT) tracts above a certain length to dissociate during replication, a distance-dependent dissociation triggered at the junction of the poly(GT) tract with single copy sequences, or a stimulation of dissociation by the variant base. The net result of these events is that mismatches would be preferentially formed to one side of the variant base. Although this model explains the data, we cannot rule out the influence of other 
Experimental Procedures
Media and Growth Conditions Media for the growth of yeast strains were standard (Sherman et al., 1983) . Media containing 5-FOAwere prepared as described by Boeke et al. (1983) . Yeast strains were grown at 30%. The E. coli strain XL1 blue was grown at 37% in LB broth containing 100 pglml ampicillin when appropriate (Sambrook et al., 1989) . 5-Bromo-4-chloro-3-indolyl-8-D-galactopyranoside (X-Gal) plates for E. coli strains were prepared as described by Sambrook et al. (1989) .
Plasmid Constructions
The related plasmids pTA1 to pTA4 were derived from the plasmid pSH31 (Henderson and Petes, 1992) which contains a f&galactosi-dase gene that has a 29 bp poly(GT) tract within in its coding sequence. Digestion of this plasmid with the enzymes BamHl and Sall released the poly(GT) tract as a small fragment. The large vector fragment was gel purified and ligated to various double-stranded oligonucleotides with BamHI-and Sall-compatible ends containing different simple sequence tracts (Table 1) . These double-stranded oligonucleotides were prepared by annealing complementary single-stranded oligonucleotides (500 ng each of two complementary oligonucleotides suspended in 25 ftl of 1 mM Tris-HCI [pH 7.51, 100 mM NaCI) according to the following cycles of heating and cooling: heated to 100% for 4 min, cooled to 50°C, and incubated 1 hr; heated to 75'C and incubated for 4 min; cooled to 5O"C and incubated for 30 min; and cooled slowly to room temperature.
The annealed products were recovered, added to BamHI-Sall-digested pSH31, and treated with T4 DNA ligase at 12%. Ligation products were transformed into E. coli XL1 blue and plated onto LB media containing ampicillin and X-Gal. Since the insertion of the pTA1 to pTA4 oligonucleotides should lead to an in-frame insertion in the 8.galactosidase gene, only blue transformants were further analyzed. The insertions in the plasmids were sequenced, and most had the expected insertion. Plasmids with the correct oligonucleotide insertions were then treated with Pvull, deleting most of the /acZ gene but leaving the beginning of the coding sequence (including the oligonucleotide) intact. Into this site, we inserted a 1.5 kb Hindlll fragment (cohesive ends filled in using the Klenow fragment of DNA polymerase) derived from pNKY48 (Alani and Kleckner, 1987) . This fragment contains a wild-type MA3 gene fused to a small region of the HIS4 gene. A diagram of the structure of the resulting plasmids is shown in Figure 2 .
Yeast Strains All yeast strains were isogenic to AMY1 25 (except for alterations introduced by transformation) and are described in Table 2 . MS71 is a LEUP derivative of AMY125 described by Strand et al. (1993) . SMHl was a derivative of MS1 28 (Strand et al., 1995) that had lost the plasmid pSH91. In MS128, the MSH2 gene is disrupted by an insertion of Tnl OLUK (Reenan and Kolodner, 1992b) that has a mutant ura3 gene in the inserted element. In addition, the strain is Leu+ because of an insertion of the plasmid CV9 (Strand et al., 1995) . Strain GCY140 is amsh3 derivative of MS71 (Strand et al., 1995) . Strains AMY101 and AMY125 were provided by A. Morrison. Standard yeast transformation protocols were used in strain constructions (Becker and Guarente, 1991) .
Plasmid Rescue and DNA Sequence Analysis Plasmids were rescued from yeast using the protocol of Ward (1990) and transformed into E. coli by electroporation (Sambrook et al., 1989) . Double-stranded sequencing templates were prepared according to the method of Kraft et al. (1988) . Sequencing was done using a commercially available -40 primer (5'-GTTTTCCCAGTCACGAC) and the United States Biochemical Sequenase kit.
Frameshift
Rate Determination Yeast strains with the plasmids pTA1 to pTA4 are Ura+ and, therefore, sensitive to 5-FOA. Alterations of the poly(GT) tract that result in a frameshifl in the plasmid-borne MA3 fusion gene can be detected by plating the cells on 5-FOA-containing plates (Henderson and Petes, 1992) . To determine the rate at which 5-FOAk derivatives arise, we streaked strains containing plasmids for single colonies on omission medium (SD complete lacking tryptophan) to force retention of the plasmid. After 3 days of growth at 30°C, individual colonies were picked and resuspended in 100 nl of sterile water. Suitable dilutions of each sample were plated on either solid SD medium lacking tryptophan (to determine cell number) or medium containing 5-FOA (to determine the number of Ura-cells). The 5-FOA-containing medium also lacked leucine and threonine to derepress the LEU2 promoter of the URA3 fusion gene. The 5-FOAk colonies were counted after 3 days of growth at 30°C. For each rate measurement, the frequencies of 5-FOAR colonies were measured for 20 colonies, and two independent rate measurements were done for each strain. Frequencies were converted to rates using the method of the median (Lea and Coulson, 1949) .
When plasmids were rescued from strains SMHG, SMH7to SMHI 4, andSMH20andSMH21,alloftheplasmidsbutthree(onefromSMHl1 and two from SMH20) had alterations in the poly(GT) tract. Consequently, the rates of appearance of 5-FOAR colonies are about the same as the rates of tract alterations for these strains. Of 18 plasmids derived from SMH4, only one had an altered tract. To obtain a rate of tract alterations for SMH4, we multiplied the rate of appearance of 5-FOAR colonies by the proportion of plasmids with altered tracts (1118). Of 18 plasmids derived from 5-FOAR colonies of SMH3 and 15 plasmids derived from SMH5, none had altered repeats. To obtain nonzero rates of tract alterations for these strains, we multiplied the rates of appearance of 5-FOAR colonies by 1118 for SMH3 and 1115 for SMH5. These rate estimates represent maximum estimates since no altered tracts were detected.
The rate data are summarized in Table 3 .
